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We present a first-principles study of the molecular vacancy and three distinct molecular interstitial
structures in ice Ih. The results indicate that, due to its bonding to the surrounding hydrogen-bond
network, the bond-center (Bc) configuration is the favored molecular interstitial in ice Ih. A comparison
between the vacancy and the Bc interstitial suggests that the former is the predominant molecular point
defect for T & 200K although a crossover scenario in which the latter becomes favored below the melting
point is conceivable.
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While the proton-disordered ice Ih is one of the most
abundant crystalline solids on Earth, our understanding of
many of its properties remains incomplete [1]. An impor-
tant aspect in this regard involves the comprehension of the
role of crystal defects and it is remarkable that not even the
most basic disruptions of crystalline order, the molecular
vacancy, and self-interstitial, are well understood [1]. Since
they are involved in diffusion and possibly affect the
electrical properties of ice Ih [1,2], the central issue re-
volves around the questions: which of the two is the
primary molecular point-defect species, and what is its
structure [1]?
From the experimental side, positron annihilation ex-
periments [3,4] first indicated that the vacancy should be
overall dominant, but a more recent series of x-ray topo-
graphical studies of dislocation loops [5–9] provided con-
vincing evidence that for T * 50 C the self-interstitial
should take over. The structure of this self-interstitial,
however, remains unknown. In addition to a surprisingly
high formation entropy of 4:9kB, the x-ray studies in-
ferred a formation energy below the sublimation energy of
ice Ih, which led to the suggestion [5] that its structure
might involve bonding to the surrounding hydrogen-bond
network. This idea, however, contrasts with the established
consensus [1] that the relevant structures involve the two
cavity-centered positions, i.e., the capped (Tc) and un-
capped (Tu) trigonal sites [1], for which such bonding is
not expected [1,10]. The theoretical insight from classical
molecular dynamics (MD) simulations [11–13] has also
been largely inconclusive, mostly due to the sensitivity of
the results to the choice of water model.
In this Letter we present a density-functional-theory
(DFT) ab initio study in which we investigate the structure
and formation free energies of three self-interstitial con-
figurations and the molecular vacancy in ice Ih, and com-
pare the corresponding thermal-equilibrium concentra-
tions. Following recent studies involving defects in ice
Ih, [14] our calculations are performed using the VASP
package [15,16], employing the Perdew-Wang 91
generalized-gradient approximation and the projector-aug-
mented-wave [17] approach. We utilize a 96-molecule
proton-disordered supercell [18], restrict Brillouin-zone
sampling to the point, and adopt a plane-wave cutoff of
700 eV. To consider effects related to thermal expansion
we carry out the calculations for three sets of lattice
parameters, chosen to correspond to their zero-pressure
experimental values [1] at 10, 205, and 265 K, respectively.
To sample the influence of the proton-disorder, which
causes random local environments for each defect, we
study a number of different realizations of each defect
type, positioning a given defect at a number of different
sites in the defect-free cell. In addition, for the self-
interstitial defects we also consider the possibility of mul-
tiple orientations of the interstitial molecule on a given
defect site.
Figure 1 shows typical optimized structures of the three
investigated interstitial structures, obtained after relaxation
of all atomic degrees of freedom at constant (defect-free
crystal) volume. Formation-volume effects are not ex-
pected to significantly affect formation energies [19].
Panels (a) and (b) show the Tc and Tu interstitial structures,
respectively. Both are similar in that neither significantly
disrupts the surrounding hydrogen-bond network and both
resemble isolated water molecules, with covalent O-H
bond lengths 3% shorter than in bulk ice. The structure
of the interstitial shown in panel (c) differs fundamentally
from these two. Its formation involves the breaking of a
hydrogen bond between the bulk molecules 1 and 2, fol-
lowed by the creation of two new ones in which the
interstitial molecule accepts and donates a proton from or
to the molecules 1 and 2, respectively, incorporating the
molecule into the surrounding hydrogen-bond network.
This bond-center (Bc) interstitial structure resembles a
configuration observed in one of the recent MD simula-
tions [13], although no detailed structural nor energetics
data were reported. The hydrogen bonds in the vicinity of
the defect are predominantly compressed, with O-O dis-
tances up to 5% shorter compared to the typical value in
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defect-free ice Ih. The creation of a molecular vacancy (not
shown) involves the breaking of four hydrogen bonds,
leaving two dangling covalent O-H bonds. In contrast to
the Bc interstitial the majority of the hydrogen bonds near
the vacancy are stretched, with O-O distances up to 3%
longer than in the defect-free crystal.
To obtain insight into the relative stability of these
defects we compute their formation free energies as a
function of temperature. Using the relaxed structures for
the defect-free and defected cells, we first compute the
DFT total-energy contributions using 8 different realiza-
tions for the Tu and Bc interstitials, sampling 5 different
sites in the cell, as well as 3 distinct molecular orientations
at one particular site. For the vacancy we considered 6
distinct defect sites and, in view of its elevated formation
energy, only one realization was considered for the Tc
interstitial. The results are presented in Fig. 2(a), which
shows the DFT formation energies averaged over the dif-
ferent realizations of each defect, as a function of the
temperature corresponding to the experimental lattice pa-
rameter values used in the calculations.
The DFT formation energy of the Tc interstitial is by far
the highest among the four point-defect species and it is not
expected to be relevant as a thermal-equilibrium defect in
ice. Although the formation energy of the Tu interstitial is
around 0.2 eV lower than that of the Tc interstitial, it is
significantly larger than that of the Bc interstitial and
molecular vacancy. Comparing the latter two, although
having essentially equal formation energies at low tem-
peratures, it is found that the Bc interstitial is particularly
sensitive to thermal expansion, showing a reduction of
7% upon a linear lattice expansion of only 0:5%.
This effect is visibly less pronounced for the vacancy,
which shows a decrease of only 2%. A comparison
between both defects suggests that the strengthened bond-
ing of the Bc interstitial is associated with the relief of
compressed hydrogen bonds upon thermal expansion.
Since almost all the hydrogen bonds in the vicinity of the
Bc interstitial are compressed, this effect is expected to be
stronger than for the vacancy, for which only a third of the
affected hydrogen bonds are compressed.
To compute the total formation free energies of the
defects, we need to include zero-point and finite-
temperature vibrational contributions. To this end, we ap-
ply the local-harmonic approximation [20], in which these
effects are taken into account by comparing the local
vibrational modes of the molecules in the presence of the
defect to those in the defect-free configuration. For this
purpose we consider only the molecules showing signifi-
cant distortions compared to the defect-free lattice, restrict-
ing the analysis to molecules within the second-nearest
neighbor shell of the defect. We compute the inter- and
intramolecular vibrational frequencies by numerically es-
timating the rigid-molecule force and torque constants as
well as the force constants associated with the internal
degrees of freedom, followed by the diagonalization of
the corresponding local dynamical matrices. Given the
high DFT formation energy of the Tc interstitial and the
elevated computational cost we restrict this analysis to
single realizations of the molecular vacancy and the Tu
and Bc interstitials.
The results for T  10 K are displayed in Fig. 3. Each
data point represents a particular vibrational mode ,
whose energy in the defect-free cell is plotted on the
FIG. 2 (color online). (a) DFT formation energies as a function
of temperature for the Tc interstitial (4), Tu interstitial (), Bc
interstitial (), and vacancy (), averaged over different real-
izations. (b) Average local-harmonic formation free energies of
Tu interstitial (), Bc interstitial (), and vacancy (). Error
bars in (a) and (b) represent standard deviations in the mean
values.
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FIG. 1 (color online). Typical realizations of investigated mo-
lecular interstitial structures in ice Ih. Arrows indicate crystallo-
graphic directions (cf. Ref. [1] ). (a) Capped trigonal (Tc)
interstitial. (b) Uncapped trigonal (Tu) interstitial. (c) Bond-
center (Bc) interstitial.
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horizontal axis. The vertical axis then describes how it
changes in the presence of the defect. The perfect-crystal
vibrational modes can be divided into four groups, which,
respectively, correspond to the molecular translational,
molecular librational, intramolecular bending, and intra-
molecular stretching modes. The energies of the four
groups are in excellent agreement with experimental in-
elastic neutron scattering data [21]. Considering the influ-
ence of the point defects, their presence mostly affects
two groups, causing softening of molecular librational
modes and stiffening of intramolecular stretching modes
while the molecular translational and intramolecular bend-
ing modes remain largely unaltered. These frequency shifts
are related to the partially hydrogen-bonded molecules in
the defect region, with the stiffening revealing free-
moleculelike O-H bonds and the softening indicative of
weakened hydrogen bonds. The temperature dependence
of the frequencies, investigated by comparing the results
obtained for the 10 K and 265 K supercells, was found to
be negligible.
Using the data of Figs. 2(a) and 3 we now compute the
average formation free energy Gf as a function of tem-
perature within the local-harmonic approximation. The
results are shown in Fig. 2(b). A comparison between
both interstitial configurations reveals that, coherent with
the results in Fig. 2(a), the formation free energy of the Bc
interstitial is found to be lower than that of the Tu structure
across the entire temperature interval. Considering the
formation free-energy difference between the vacancy
and Bc interstitial, the downward shift of the vacancy curve
with respect to the Bc interstitial compared to Fig. 2(a) is
due to zero-point energy contributions, which lower the
DFT vacancy formation energy by 0:08 eV compared to
a reduction of 0:02 eV for the Bc interstitial. This im-
plies that the vibrations of the Bc interstitial are more
‘‘bulklike’’ than the vacancy in that it contains only one
molecule that is not fully hydrogen bonded, compared to
the four in case of the vacancy. As the temperature in-
creases, however, the formation free-energy difference
between the defects decreases because of the high forma-
tion entropy of Bc interstitial. At T  265 K, for instance,
from the derivative of Gf with respect to temperature, the
formation entropy of the Bc interstitial reaches a value of
7kB compared to 5kB for the vacancy. The origin of this
elevated formation entropy value [5] is mostly associated
with the appreciable reduction of the DFT formation en-
ergy contribution upon thermal expansion as shown in
Fig. 2(a).
Finally, to evaluate the relative importance of the differ-
ent point-defect species, we determine their thermal-
equilibrium concentrations c (per crystal lattice site) as a
function of temperature according to [1]
 c  zN expGf=kBT; (1)
where N is the number of available defect sites per lattice
site and, for the interstitial defects, z represents the number
of possible orientations of the interstitial molecule on a
given site. For the Tu and Bc interstitials we have NTu 
1=2 and NBc  2, respectively, which follows from the
number of cages and the number of hydrogen bonds per
lattice site [1]. For the Tu interstitial we have observed that
the orientation of an interstitial molecule on a given Tu site
is always such that both of its O-H bonds tend to closely
align with two oxygen atoms of the surrounding cage.
Within this assumption, counting the number of different
ways in which this can be realized, taking into account the
fact that the H-O-H angle of the interstitial molecule is
approximately 104, we deduce zTu  40. From different
realizations of the Bc interstitial on a given site we estimate
zBc  4. For instance, considering Fig. 1(c), a different
stable orientation was obtained by rotating the interstitial
molecule such that its dangling hydrogen-bond points
along the c axis, out of the paper. Two more stable ori-
entations with similar energies were then created by a
mirror symmetry operation with respect the plane contain-
ing the line connecting molecules 1 and 2 and the c axis.
For the molecular vacancy we have NV  zV  1.
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FIG. 3 (color online). Vibrational frequency shifts due to the
presence of the three point defects. Horizontal axis describes the
energy h of each vibrational mode in the defect-free crystal.
Vertical axis describes the energy shift in the presence of the
defect. Panel (a) vacancy, (b) Tu interstitial, (c) Bc interstitial.
Symbols T , R, 2, and 1 	 3 denote, respectively, groups of
molecular translational, molecular librational, intramolecular
bending, and intramolecular stretching modes, cf. Ref. [1].
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Assuming these values for the site multiplicities, Fig. 4
shows the Arrhenius plot for the concentrations of the
molecular vacancy and the Tu and Bc interstitials. It is
found that the former is significantly lower than that of the
latter across the entire temperature interval, supporting the
view that a structure different from the established Tc and
Tu interstitials is the preferred interstitial configuration in
ice Ih. Indeed, given the structural properties of the Bc
interstitial, this is coherent with the experimental sugges-
tion of a bound self-interstitial [5]. Furthermore, the results
indicate that the vacancy is the dominant point-defect
species in ice Ih for temperatures below T  200 K.
However, due to the decreasing formation free-energy
difference between the vacancy and Bc interstitial, the
thermal-equilibrium concentrations of both defect species
cross near T * 230 K. This is consistent with the cross-
over scenario suggested in Ref. [5], in which the interstitial
is assumed to dominate for temperatures above 50 C
whereas the vacancy becomes the principal thermal-
equilibrium point defect at lower temperatures.
In summary, we present a DFT-based study of the struc-
ture and formation energetics of a series of molecular point
defects in ice Ih. The results suggest that, due to its bonding
to the surrounding hydrogen-bond network, the Bc inter-
stitial is the favored molecular interstitial structure in ice
Ih. Considering the equilibrium concentrations as a func-
tion of temperature, the molecular vacancy is found to be
the favored molecular point defect for T & 200 K.
Because of the high formation entropy of the Bc intersti-
tial, however, a crossover scenario in which the Bc inter-
stitial becomes favored at temperatures below the melting
point is conceivable.
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FIG. 4 (color online). Thermal-equilibrium concentrations as a
function of temperature for the Tu interstitial (short dashed line),
Bc interstitial (full line), and vacancy (dashed line).
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